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Electrografting of mixed organophosphonic monolayers
for SI-ATRP of 2-methacryloyloxyethyl phosphorylcholine

Bastien Arrotin

Abstract Nitinol (NiTi), one of the most important
alloys for biomedical applications, is still hampered by
its surface nickel inclusions, making it sensitive to
pitting corrosion and leadlng therefore to the release of
potentially carcinogenic Ni** ions. In this work, we
assess the impact of the combination of electrografted
mixed self-assembled monolayers (SAMs) on NiTi
followed by a polymer coating formed by surface-
initiated atom transfer radical polymerization (SI-
ATRP). The molecular ratio of 11-(2-bromoisobu-
tyrate)-undecyl-1-phosphonic acid (BUPA) to 11-de-
cylphosphonic acid (CioP) on the electroassisted
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elaboration of the (BUPA/C;oP)-NiTi-SAMs has been
optimized. A small amount of BUPA (20%) appears to
be the most promising condition, as it provides
an efficient corrosion resistance and promotes the
SI-ATRP of 2-methacryloyloxyethyl methacrylate
(MPC). This confers to the surface hydrophilic prop-
erties and corrosion resistance close to those NiTi-
SAMs when long polymerization times are used
(=6 h).
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Introduction

Nitinol, a nearly equiatomic nickel titanium alloy, has a
number of interesting intrinsic properties including
heat, Pact and corrosion resistance, high fatlgue
strength super- elasticity close to that of bone® and
shape memory.*® This makes NiTi applicable in
a wide range of biomedical materials such as self-
expending stents, surgical endoscopic instruments,
atrial septal occlusion dev1ces orthodontlc wires, and
orthopedic staples and plates.”'* The major limitation
of untreated NiTi is the risk of corrosion due to its
oxide breakdown. Although the TiO, surface layer is
spontaneously formed and highly contributes to its
corrosion protection,'' the remaining nickel inclusions
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in the superficial layer can induce NiTi pitting corro-
sion'*'* and lead to the release of Ni** ions into bodily
fluids. This generates allergenic and inflammatory
reactions, breathing problems, or even various cancers
such as lung, kidney, or liver.'>!'® Various processes
have been developed for NiTi surface modification to
enhance its corrosion resistance and confer other
interfacial properties such as wettability, protein
absorption prevention, biocompatibility, and/or bioac-
tivity increase. Among them, }?lasma treatment,'’?
chemical vapor deposition,”*" hydrothermal rein-
forcement of the oxide layer,”** self-assembled mono-
layers (ZSAMS),24_26 and surface initiation of
polymers®>*” have been reported.

In the present work, we combine the last two
processes to modify NiTi surfaces. SAMs based on
organophosphonic acid derivatives are selected be-
cause they are known to robustly graft on metal oxide
surfaces via M—O-P bonds which are very resistant to
hydrolysis.?*? They constitute a strong reinforcement
of the metal surface in aggressive environments.*~’
To confer to the surface additional properties for
applications, e.g., antifouling,*** lubrication,***! cell
culture*** or even cell differentiation,** appropriate
polymer coatings are also used. One way to generate
theses polymers is the surface-initiated controlled
radical polymerization (SI-ATRP) which leads to the
growth of polymer brushes with a good level of control
over chain len§th, grafting density, and molecular
architecture.’*>’

ATRP mechanism is based on the reversible cat-
alyzed homolytic rupture of the alkyl-halogen bond of
the initiating group (e.g., bromoisobutyrate). The rela-
tive weakness of the C-Br bond (Ey, = 318.0 + 8.4 kJ
mol'),*® unstable in certain surface treatment condi-
tions such as induction heating,* decreases the effi-
ciency of SI-ATRP. The electroassisted apgroach,
recently reported for Ti-6A1-4V>" and NiTi,”~! has
considerable advantages to lead to the formation of
high-quality SAMs within short modification times and
at room temperature. Thus, it is an alternative way to
graft SI-ATRP initiators based on phosphonic acid
derivatives while preserving the sensitive chemical
functions, such as C-Br in the 11-(2-bromoisobu-
tyrate)-undecyl-1-phosphonic acid (BUPA) used as
ATREP initiator.*’ However, BUPA initiating functions
are quite bulky and may lead to disordered and less
protective layers. The use of mixed monolayers resulting
from the co-adsorption of two organophosphonic acid
derivatives differing in length and/or terminal functional
groups has been reported to improve the corrosion
resistance as well as the layer organization.*’>~*

Among the promising and versatile surface charac-
terization techniques, scanning electrochemical
microscopy (SECM), based on the use of an ultrami-
croelectrode facing a substrate, allows the local prob-
ing of its electrochemical property, i.e., its conducting/
insulating behavior, and can provide high-resolution
information on the electrochemical processes occurring
at the surface.”>® Over the last years, SECM has been

widely applied for the study of self-assembled mono-
layer Jpro erties and impact over corrosion resis-
tance’®>*°! and on organic layer permeability.®> But
so far, only few SECM studies have been performed on
Nitinol,® which thus remains of great interest.

The aim of this work is to improve the quality of the
electrografted SAMs on NiTi. To this end, mixed
SAMs carrying alkyl-halogen initiating groups of 11-(2-
bromoisobutyrate)-undecyl-1-phosphonic acid
(BUPA) are formed on NiTi after its hydrothermal
treatment by incorporating 1-decylphosphonic acid
(C1oP) molecules with a shorter hydrophobic alkyl
chain. Various amounts of BUPA/C,yP are studied to
optimize the quality of the SAM organization and
consequently the NiTi corrosion resistance while
keeping sufficient amount of grafted BUPA for the
polymerization. The so-formed mixed SAMs are used
to initiate the surface polymerization of 2-methacry-
loyloxyethyl phosphorylcholine (MPC), a biocompati-
ble monomer (Scheme 1). The originality of this work
resides in the combination of the electroassisted
approach for the grafting of mixed monolayer which
is in itself a relatively new promising method and
is particularly suitable for temperature-sensitive
groups. In this context, the SI-ATRP can be considered
as an indirect evaluation way for the achievement of
those surface modifications. The benefits of this
method are highlighted over NiTi corrosion inhibition,
surface functionalization and physicochemical proper-
ties.

Experimental section
Chemicals

Disolol® (ethanol 99% denatured with isopropanol 2%
and Butanone 2%, ChemLab), 11-(2-bromoisobu-
tyrate)-undecyl-1-phosphonic acid (BUPA, Sikémia, >
97%), 1-decylphosphonic acid (CioP, abcr, 98%),
tris[2-(dimethylamino)ethyl]amine (MegTREN,
Aldrich, 97%), potassium nitrate (Merck, 98%), fer-
rocenemethanol (FcMeOH, Aldrich, 97%), and
sodium chloride (Fluka, > 99.5%) are used without
further purification. 2-Methacryloyloxyethyl phospho-
rylcholine (MPC) (Sigma-Aldrich, 97%) is purified
from the remaining stabilizing agent by mixing it with
anhydrous diethyl ether and filtering.>> Copper(I)
bromide (Aldrich, 99%) is purified by consecutive
washings with acetic acid and methanol and finally
maintained under N, atmosphere. All aqueous solu-
tions are prepared with ultrapure Milli-Q water
(18.2 MQ cm).

Nitinol substrates preparation

Nitinol (Ni 56%/Ti 44%) rectangular-shaped plates
(20 mm x 10 mm x 0.3 mm), purchased from AMEF,
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Scheme 1: Surface modification of Nitinol: self-assembly of BUPA/C,,P mixed monolayers (left) and subsequent SI-ATRP

of MPC in the presence of MesTREN (right)

are mechanically polished down to 0.1 um roughness
on a Buehler Ecomet 300 instrument using silicon
carbide papers, diamond pastes (9 um) from Struers
and a mixture of colloidal silica (Buehler MasterMet™

2) and H,O, (Acros Organics, 35 wt% solution in
water). These Nitinol substrates (subsequently denom-
inated bare NiTi) are cleaned in denatured ethanol
under ultrasonication for 15 min before being blown
dry with nitrogen and stored under nitrogen for further
use or analysis.

Prior to any modification, the substrates are system-
atically cleaned by application of the following treat-
ments: immersion in denatured ethanol in a sonication
bath for 15 min, drying under nitrogen, hydrothermal
treatment in boiling water for 1 h (HT-NiTi), and
finally cleaning in denatured ethanol for 15 min under
sonication, before being blown dry under nitrogen.

Electroassisted grafting of mixed initiating
monolayers on Nitinol

Solutions (20.0 mL) composed of 1 mM of a mixture of
11-(2-bromoisobutyrate)-undecyl-1-phosphonic  acid
(BUPA)/1-decylphosphonic acid (CoP) in various
ratios and 10 mM KNO; are prepared in ultrapure
Milli-Q water.

The SAMs on HT-NiTi surface are obtained by
immersion of the substrate in the solution for 5 min,
under a voltage of 1.2V vs a saturated calomel
electrode (SCE) using a Princeton Applied Research
VersaSTAT3 potentiostat/galvanostat. At the end, the
substrates are ultrasonically cleaned in denatured
ethanol for 15 min, before being blown dry under
nitrogen and stored for characterizations.

SI-ATRP of MPC

To a four-neck round-bottomed flask are added 3.0 x
10~* mol copper bromine (CuBr) and 6.0 x 10~* mol
tris[2-(dimethylamino)ethyl]Jamine (MegTREN). The
three lateral necks are closed by septa into which a clip
is inserted to hold two substrates. The flask is then
purged by three repeated vacuum/nitrogen cycles. In a
second round-bottomed flask are introduced 3.4 x 1073
mol of 2-methacryloyloxyethyl phosphorylcholine and
19.8 mL of Milli-Q water to reach a concentration of
0.17 M. The solution is then deaerated by nitrogen
bubbling for a few minutes.

The content of the second flask is transferred into
the first one by means of a flamed dry capillary under
N, atmosphere. The polymerization is then carried out
for 1, 3, or 6 h at 90°C in an oil bath. At the end of the
reaction, the flask is cooled down to room temperature.
The substrates are then rinsed with denatured EtOH
and sonicated in denatured EtOH for 15 min. They are
finally dried and stored under N, atmosphere.

Substrate characterization

The modified substrates are characterized by X-ray
photoelectron spectroscopy (XPS), polarization mod-
ulation-infrared reflection—absorption spectroscopy
(PM-IRRAS), static water contact angle measure-
ments (WCA), cyclic voltammetry (CV), linear sweep
voltammetry (LSV), and scanning electrochemical
microscopy (SECM). To assess the reproducibility of
the grafting, all the analyses were performed in
triplicate. In the case of XPS characterizations, each
sample is analyzed at three different spots.



XPS spectra are recorded on a Thermo Scientific K-
Alpha spectrometer using a monochromatized X-ray K,,
radiation (1486.6 eV), the photoelectrons being col-
lected at 0° with respect to the surface normal and
detected with a hemispherical analyzer. The spot size of
the X-ray source on the sample is 200 um, and the
analyzer is operated with a pass energy of 200 eV for
survey spectra and 50 eV for high-resolution core-level
spectra. The binding energy (BE) of core levels is
calibrated with respect to the Cls BE set at 285.0 eV.
Spectra are analyzed using a linear combination of
Gaussian and Lorentzian curves in 70-30 proportions.
The different relative peak areas are measured on core-
level spectra. Quantitative XPS analyses are carried out
by calculating the relevant abundance ratios on the basis
of the core-level spectra and taking into account the
corresponding Scofield sensitivity factors>®: Cls 1.000,
P2p 1.920, N1s 1.800, Ti2Zp 7.910, and Ni2p 22.180.
Thickness of the formed coatings is estimated from the
collected XPS data. The thickness of a first material
(i.e., SAM) deposited on a bulk material (i.e., NiTi) can
be obtained from the relative attenuation of this bulk
material (here limited to Ti), by the formula:

It d
& :exp<— SAM sin9> (1)
Itio ATiSAM

where Ii/Itio is the ratio of the bulk element peak
intensities (modified/bare surface), dsaym the coating
thickness, Arisam the bulk Ti photoelectrons mean
free path through the SAM layer, and 0 the takeoff
angle (here 0 = 90°).5->°

PM-IRRAS data are collected to assess the presence
of the organic layer on nickel surfaces. They are
recorded on a Bruker PMA37 equipped with a liquid
nitrogen-cooled mercury—cadmium-telluride (MCT)
detector and a germanium crystal. All presented
spectra are the average of 1024 scans at a spectral
resolution of 4 cm ™.

Static water contact angle measurements are carried
out using a DIGIDROP (GBX Surface Technology)
goniometer at room temperature and ambient atmo-
sphere, with a syringe to deliver 2 pL. droplet of Milli-Q
water.

Voltammetry measurements (CV and LSV) are
carried out on a Princeton Applied Research, Poten-
tiostat/Galvanostat Model VersaSTAT3-LC using a
three-electrode electrochemical cell with a controlled
analysis spot surface (0.28 cm?) on the sample. Nitinol
substrates (bare or modified) are used as working
electrode, a platinum foil as counter electrode, and a
saturated calomel electrode (SCE) as reference.

Cyclic voltammograms are recorded from — 0.10 to
+0.65 V at a scan rate of 20 mV s in 0.1 M NaOH.
The blocking factor (BF) of the coatings on NiTi is
determined from the formula:

BF = %an0 — @an 400 (2)

Aan 0

where a,, o and a,, are the area of the anodic peaks for
the first cycle of bare and modified NiTi substrates,
respectively.

Linear sweep voltammograms are recorded from
200 mV below OCP (measured for 1 h) to + 1.0 V at a
scan rate of 1 mV/s in 0.5 M NaCl. The corrosion
inhibition efficiency (IE) is determined from the
obtained corrosion current densities (joorr) by the
formula:

IE = ]Corr:O — Jcorr % 100 (3)

Jeorr,0

where jeorr o and jeorr are the corrosion current densities
of bare and modified NiTi substrates, respectively.

SECM is operated in a feedback (FB) mode on a
CHI 900B Bi-potentiostat (CH Instruments) using a
three-electrode cell: a commercial AglAgCl reference
electrode (CHI111, CH Instruments), a platinum foil
as counter electrode, a platinum microdisc ultramicro-
electrode (UME) (10 pm diameter with an estimated
RG ratio of 8). The sample is fixed at the bottom of the
cell without polarization. FB mode analyses were
performed in a 1 mM FcMeOH/0.1 M KNOj; aqueous
solution according to the following procedure. The
UME is polarized at 0.40 V vs AglAgCl to allow the
mass-transfer-controlled oxidation of FcMeOH to
ferricenium methanol (FcMeOH™) and moved down
toward the substrate at a rate of 1 pms '. The
approach curve is recorded until a sharp change of
the currents occurred at the tip. The UME is then
withdrawn by 3 pm, and the imaging measurements is
taken on a 500 x 500 pm” area at a scan rate of
25 um s~

Results and discussion

The results are presented in two sections: the first one
deals with the NiTi modification with phosphonic acid
derivatives based on C;oP, BUPA, or mixtures of
BUPA/CjyP molecules in different proportions to
achieve monolayers in order to confer to NiTi multi-
functional properties such as corrosion protection and
the ability to initiate SI-ATRP. The second part deals
with the benefit of using modified NiTi with mixed
BUPA/C;oP SAMs on the SI-ATRP of MPC, a model
of biocompatible monomer.

Electroassisted grafting BUPA/CoP mixed
monolayers

The electroassisted approach, based on the optimized
conditions determined in our previous work
(E=12V vs SCE and t = 5 min),* is transposed to
the grafting of C;oP (CioP-NiTi), BUPA (BUPA-
NiTi), and their mixture in different ratios (BUPA/
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Fig. 1: Water contact angles for bare NiTi, HT-NiTi, BUPA-
NiTi, C1oP-NiTi, and BUPA/C,,P-NiTi (in various ratios)

CyoP-NiTi) on HT-NiTi. The resulting modified NiTi
surfaces are characterized with contact angle measure-
ments, PM-IRRAS, XPS, and electrochemical analy-
ses.

Figure 1 highlights the wettability properties of bare
NiTi, HT-NiTi, C10P-NiTi, BUPA-NiTi, and BUPA/
C,0P-NiTi. The water contact angle values (0y) ranging
from 78° to 92° after NiTi modification point to a
significant increase in the contact angle compared to
HT-NiTi (0w = 30°). The highest 0, value, indicating
the more hydrophobic surface, is obtained for C;,P-
NiTi (0y = 92°). Increasing the ratio of BUPA/C;,P
does not drastically change the 0, values which remain
very close (0, ~ 80°) to that of BUPA-NiTi. This is
consistent with the fact that C;,P molecules are shorter
than BUPA and thus have less impact on the wetta-
bility properties, even at high concentration in the
mixed monolayer.

Figure 2 displays PM-IRRAS spectra for HT-NiTi
and BUPA/C,(P-NiTi. HT-NiTi does not show any
signal of any chemical functions, while BUPA/C,P-
NiTi show, whatever the molecular ratio, vibrational
bands typical of BUPA at 1276/1261 and 1170 cm ™',
assigned, respectively, to the asymmetric and the
symmetric stretching of the C-O bond of the bro-
moisobutyrate function, and to C-H deformation.®”

Results of the X-ray photoelectron spectroscopy
(XPS) analyses performed on HT-NiTi and modified
NiTi are reported in Fig. 3 and Table 1. Cls core level
(Fig. 3) displays peaks at similar energies but with
higher intensities for modified NiTi indicating there-
fore an effective grafting of C;(P and BUPA on HT-
NiTi. These peaks at energies of 285 eV, 286.5 eV, and
289.1 eV, correspond, respectively, to carbon atoms
involved in C-H/C-C, C-O/C-P, and O-C=0 bonds
present in the phosphonic acid derivatives (peak 1 for
Cy0P) and (peaks 1-3 for BUPA) or in atmospheric
contaminations (peaks a-c for HT-NiTi). The one at
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Fig. 2: PM-IRRAS spectra for HT-NiTi, BUPA-NiTi, C;oP-
NiTi, and BUPA/C,P-NiTi (in various ratios)
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Fig. 3: Representative XPS C1 s core levels for HT-NiTi
(bottom) and BUPA/C,(P-NiTi in various ratios (top)

2833 eV (*) is assigned to an artifact from the
spectrometer.

In addition to the increase in Cls intensity, XPS
analyses reveal the presence of P2p for all BUPA-NIiTi,
C0P-NiTi and BUPA/C,(P-NiTi and Br3 s for BUPA-
NiTi and BUPA/C(P-NiTi. When adding C;yP to
BUPA, the C/NiTi and P/NiTi ratios increase (Ta-
ble 1) indicating the formation of denser and more
organized layers due to the insertion of C;oP. The
maximum is achieved for 60% of BUPA. The C/NiTi
ratio then decreases due to the shorter chain of C;yP
replacing the longer BUPA ones while P/NiTi remains
almost stable (0.13-0.17). The Br/NiTi ratio is barely
affected by the decrease in BUPA amount which
proves that pure BUPA layer is not very well
organized and partially degraded.



Table 1: XPS atomic ratios for bare NiTi, HT-NiTi, and (BUPA/C,cP)-NiTi (various ratios) and estimated SAM

thickness
Sample C/NiTi P/NiTi Br/P Odsam (nm)
Bare 0.30 £ 0.10 - - -
HT 0.10 + 0.20 - - -
100% BUPA 1.03 £ 0.32 0.09 + 0.01 0.23 + 0.05 1.93 + 0.38
90% BUPA 1.34 +£ 0.48 0.11 + 0.01 0.23 + 0.07 1.90 + 0.15
80% BUPA 1.63 £+ 0.27 0.11 + 0.01 0.25 4+ 0.05 1.83 + 0.15
70% BUPA 2.29 + 0.23 0.15 + 0.01 0.21 + 0.02 1.87 + 0.15
60% BUPA 2.51 +£ 0.25 0.17 + 0.01 0.18 + 0.01 1.71 £ 0.12
50% BUPA 1.93 £+ 0.20 0.15 + 0.01 0.18 4+ 0.02 1.76 + 0.16
40% BUPA 1.64 £+ 0.10 0.13 + 0.01 0.16 &+ 0.02 1.58 + 0.07
30% BUPA 1.68 + 0.26 0.13 + 0.01 0.19 4+ 0.04 1.54 + 0.22
20% BUPA 1.61 £ 0.12 0.15 + 0.01 0.20 + 0.07 0.95 + 0.12
10% BUPA 1.66 + 0.26 0.14 + 0.01 0.21 + 0.05 1.03 + 0.37
0% BUPA 1.51 £ 0.11 0.15 + 0.01 - 0.60 + 0.13
0.01+
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Fig. 4: Model structures of C,,P and BUPA (a) and
schematic representation of BUPA/C,(P coating thickness
(based on XPS results) (b)

The approximated thickness of BUPA layer
(1.93 + 0.38 nm) is consistent with the simulated value
of 2.02 nm (Fig. 4a), whereas the estimated thickness
of CjoP layer is underestimated from a theoretical
value of 1.41 nm to 0.60 & 0.13 nm. This difference
could result from a tilted denser organization of the
CyoP layer. The coating thickness decreases with the
incorporation of CioP (Table 1), which also attests to
the formation of a tilted denser layer as shown in
Fig. 4b.

Electrochemical evaluation of modified NiTi is
compared to HT-NiTi on the basis of three methods
(LSV, CV, and SECM). LSV results (Fig. 5 and
Table 2—Supporting Information Figure S1) indicate
a strong improvement of the corrosion resistance of
BUPA/C,P-NiTi with the decrease in BUPA amount,
e.g., corrosion current density (j.orr) decreases from

Potential (V vs SCE)

Fig. 5: Representative polarization curves for bare NiTi,
HT-NiTi, and representative BUPA/C,,P-NiTi (20/80) in 0.5 M
NaCl at a scan rate of 1 mV s

95.1 nA cm ™ to 9.4 nA cm ™ for 20% of BUPA. This
is once again in accordance with the formation of a
denser and more organized layer due to higher amount
of CyoP within the layer.

As expected, the use of high C;oP amount leads to
the formation of more resistant layers. Among all the
conditions, the layers made of 20 and 50% of BUPA
exhibit the best inhibition efficiencies (IE) with respec-
tive values of 98.7% and 98.9%, hence the best
resistance against corrosion.

Cyclic voltammetry (CV) (Fig. 6 and Table 2—Sup-
porting information Figure S2) confirms the protective
efficiency due to BUPA and C;(P grafting, as well as
the reinforcement of the TiO, external layer.

For bare NiTi substrate, the first cycle reveals two
anodic peaks at 200 and 500 mV vs SCE, respectively,
assigned to Ti"" and Ni*" oxidations, but only one
cathodic peak assigned to Ni** reduction. On the
second cycle, only nickel oxidation and reduction



Table 2: Values of E oy, jeorrs |IE, BF, and kg for bare NiTi, HT-NiTi, and BUPA/C,P-NiTi (in various ratios) (obtained
by LSV, CV, and SECM)

Sample Ecor (MV vs SCE) Joorr (NA cm™2) IE (%) BF (%) ket (um s
Bare — 294 + 65 869.2 + 288.5 - - 16.0 £ 1.3
NiTi-HT — 266 + 22 103.6 £ 22.2 88.1 + 2.6 46.4 + 11.0 108 £ 11
100% BUPA — 262 + 34 95.1 4+ 28.8 89.1 + 3.3 72.3 + 5.0 1.8+ 1.6
90% BUPA —233+£70 29.2 + 21.1 96.6 + 2.4 96.3 + 1.9 1.2 £ 0.1
80% BUPA — 193 4+ 45 31.24+ 171 96.4 + 2.0 84.4 1+ 6.4 0.5+ 0.3
70% BUPA — 217 £ 24 35.7 £ 27.2 95.9 4+ 3.1 88.0 + 16.7 21+0.6
60% BUPA — 289 £ 19 72.3 + 3.8 91.7 £ 0.4 76.8 + 23.1 04 +0.2
50% BUPA — 194 4 86 11.1 £ 104 98.7 + 1.2 98.2 + 0.3 1.8+0.2
40% BUPA — 296 + 13 109.4 +41.2 874+ 47 86.0 + 8.1 0.9 +0.2
30% BUPA — 160 £ 96 32.9 + 22.2 96.2 + 2.6 88.2 + 10.5 1.0+ 0.2
20% BUPA — 314 + M1 944+ 6.4 98.9 + 0.7 93.9 + 6.6 0.6 + 0.1
10% BUPA — 252 4+ 56 82.7 + 55.6 90.5 + 6.4 93.7 + 2.1 0.7 + 0.1
0% BUPA — 256 £+ 29 59.0 + 38.9 935+ 45 971+ 23 04 +0.2
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Fig. 6: Representative first (main) and second (inset)
cycles of the voltammograms for bare NiTi, HT-NiTi, and
BUPA/C4,P-NiTi (20/80) in 0.1 M NaOH at a scan rate of
20 mVs™'

peaks are still present due to the irreversible passiva-
tion of the electrode via the titanium oxide layer. For
HT-NiTi, only the oxidation peak of Ti"" can be
observed on the first cycle and no more Ni reactions,
even during the second cycle. This confirms the
efficiency of the hydrothermal treatment on the rein-
forcement of TiO, layer and on the prevention of Ni**
release. Once electroassisted grafting of BUPA/C(P is
performed on HT-NiTi, their CV analysis does not
show any electrochemical activity, thus confirming the
protective efficiency of the grafted phosphonic deriva-
tives. As expected, the increase in CoP concentration
within the layer leads to the formation of more
blocking layers. In line with the conclusions made
from LSV results, BUPA/C(P ratios of 50/50 and 20/
80 exhibit the best blocking factors and thus the best
protection of the substrate.

drr.

T

Fig. 7: Representative normalized SECM FB approach
curves for bare NiTi (ki = 15.3), HT-NiTi (kg = 11.2),
representative BUPA/C,oP-NiTi (20/80) (k. = 0.6) in 1 mM
FeMeOH/0.1 M KNO;. The tip was set at 0.4 V vs AglAgCI
and moved at a scan rate of 1 yms~'. The symbols
correspond to the experimental curves and the solid lines

to the SECM theory®'-52

SECM is used to assess the charge transfer process
occurring at bare NiTi, HT-NiTi, and BUPA/C,P-
NiTi electrodes during the reduction of FcMeOH™.
Figure 7 and Figure S3 (Supporting information) show
the normalized approach curves in FB mode. The
curves are fitted on general analytical expressions
given for first-order heterogeneous finite kinetics®' %% at
the sample surface with respect to the FcMeOH"
generated at the tip surface.

The apparent charge transfer rate constants (k,
Table 2) attests to the regeneration rate of FcMeOH
by the NiTi samples evolving through the modification
steps. The obtained values of k. are in line with the
results presented for CV. Indeed, the hydrothermal



passivation of NiTi leads to the formation of a slightly
more protective oxide layer, as attested by a k. down
from 16.0 to 10.8 pm s~ . This phenomenon is ampli-
fied by the additional presence of BUPA/C;(P mono-
layers, with k. ranging from 0.4 to 10.5 pm s’
Among the assessed BUPA/CyP ratios, the best
results are obtained for the coatings with 0, 60, 80,
and 20% BUPA with respective k. of 0.4, 0.4, 0.5, or
0.6 pm s~ L.

From these results, the optimum BUPA/Cy,P layer
(high P/NiTi, Br/NiTi, BF, IE, k., and reproducibility)
is prepared from 20% of BUPA and 80% of C;yP. This
molecular ratio will be used for all the upcoming
functionalization.

Surface-initiated atom transfer radical
polymerization of 2-methacryloyloxyethyl
phosphorylcholine on BUPA/CyP-NiTi

In this section, SI-ATRP of MPC is performed on the
BUPA/C;(P-NiTi (modified in the optimum conditions
determined above (i.e., E=12V vs SCE, t = 5mn,
BUPA/C,oP = 20/80) for 1, 3, and 6 h (PMPC-NiTi).

The modified surfaces are first characterized using
water contact angle (Fig. 8). More hydrophilic surfaces
(0w = 45°) are obtained for PMPC-NiTi compared to
BUPA/C;oP-NiTi (78.9°) which confirms, considering
the hydrophilic nature of the MPC, the formation and
the grafting of the polymer.

Figure 9 shows the PM-IRRAS spectra. For PMPC-
NiTi coatings, absorption bands in agreement with the
structure of the molecules appear at 1721, 1486, 1255—
1279, 1170, 1125, 1092, and 1054 cm ™!, respectively,
assigned to C=Oggyeien (ester), C-O-Cyag, C—Oasym
stretch (ester), C_Osym stretch (ester), C_Nstretcha C-
Ostreten (alcohol), and P-Oggeqen- An increased signal
is noticed, especially after 6 h of polymerization, which
confirms the presence of a PMPC film on NiTi surface.

XPS analyses confirm the formation of PMPC.
Figure 10 presents Cls and Nls core-level spectra for

90 1
80 1
701
60 4

50
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30 4

Water contact angle (°)

20 4

SAM 1h 3h 6h
Polymerization time

Fig. 8: Water contact angles for BUPA/Co,P NiTi (20/80)
and PMPC-NiTi prepared for 1, 3, or 6 h

PMPC-NiTi and BUPA/C,(P-NiTi. As expected, Cls
and Nls peaks are more intense after SI-ATRP of
MPC and present different general shapes compared to
the initial BUPA/C,(,P-NiTi. The Cls core-level spec-
tra (Fig. 10-left) present four components centered at
energies of 285.0, 285.7, 286.5, and 289.1 eV, respec-
tively, attributed to carbon atoms involved in C-H/C-
C, C-N, C-0O/C-P, and O-C=0O bonds present in
BUPA, C(P, PMPC, and MesTREN. The peak at
283.3 eV (*) assigned previously to an artifact from the
spectrometer is still visible.

The Nls core-level spectra (Fig. 10-right) present
two components centered at energies of 400.3 eV and
403.5 eV, respectively, attributed to nitrogen atoms
characteristic of the amine function of the MesTREN
and of the ammonium present in PMPC. These confirm
the efficiency of SI-ATRP of MPC on BUPA/C;,P (20/
80) layer but also point out the presence of residues of
the catalyst (complexed by MegTREN) trapped in the
coating.

SEM images (Fig. 11) highlight the differences of
modified NiTi morphologies as a function of the
polymerization time. Within short polymerization time
(1 h), the surface is highly inhomogeneous and shows a
high density of polymer aggregates. After 3 h, the
coating starts to be more homogenous but uncovered
NiTi domains are still visible. However, the formation
of PMPC film for 6 h leads to a good coverage with a
quite uniform distribution of small aggregation spots
probably resulting from nonuniform PMPC growth.

The increase in the hydrophylicity of PMPC-NiTi
and the time-dependent homogeneity of the surface
induced differences in the electrochemical properties
which are shown in the LSV curves (Fig. 12) and
SECM images (Fig. 13).

For the substrate modified for 1 h, j,, changes from
9.4 nA cm~? (BUPA/C10P-NiTi) to a value of 92.5 nA
ecm~? as well as less negative E.o; (from — 314 to
— 82 mV vs SCE) due to the high hydrophilicity and
inhomogeneity of the PMPC layer. For higher SI-
ATRP times, j.or values are 12.0 nA cm 2 and 17.8 nA
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Fig. 9: PM-IRRAS for BUPA/C,,P NiTi (20/80) and PMPC-
NiTi prepared for 1,3, 0or 6 h
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Fig. 10: XPS general shape of core spectra for C1s and N1s components obtained for BUPA/C,,P NiTi (20/80) and PMPC-
NiTi prepared for 1,3, 0or 6 h

Fig. 11: SEM images of PMPC-NiTi prepared for 1, 3, or 6 h

1E-4 cm 2 for 3 h and 6 h, respectively. E .. values remain
in the same range with values of — 110 and — 153 mV
—~ vs SCE.

IS o] Nevertheless, compared to HT-NiTi (jeorr ~ 103.6
2 nA cm %, IE ~ 88.1, and Ecor ~ — 266 mV vs SCE),
> 1E-7] the corrosion current and inhibition efficiency still
[ indicate an improvements of the corrosion inhibition

S e8] properties.
g Representative SECM mapping images collected in
S 1E-9; FB mode are presented in Fig. 13. Those point out the
o surface uniformity and the passivating behavior of
1E-104 BUPA/C,,P SAM (Fig. 13—upper left). However,
et . . . . . . once SI-ATRP of MPC occurred, the average mea-
-050  -0.25 0.00 0.25 0.50 0.75 1.00 sured current increases up from ~ 0.2 to ~ 0.4 nA with

Potential (V vs SCE) a slightly less homogeneous behavior. These results are

in line with the previous observations made from SEM

Fig. 12: Polarization curves for BUPA/C,oP NiTi (20/80) and  pictures (Fig. 11) and LSV curves (Fig. 12). The
PMPC-NiTi prepared for 1, 3, or 6 h (obtained in 0.5 M NaCl  increased PMPC thickness induces a heterogeneous
at a scan rate of 1 mV s™") electroactivity, especially for the 6-h polymerization,
where several high current spots are noticeable. The

increased electroreactivity is in accordance with the
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Fig. 13: Normalized SECM FB mapping for BUPA/C4,P NiTi
(20/80) and PMPC-NiTi prepared for 1, 3, or 6 h (obtained in
1 mM FeMeOH/0.1 M KNO3)

hydrophilic behavior of PMPC coatings and thus the
interactions between the coating and the redox probe,
thus resulting in an intercalation of the probe inside the
organic layer. In 2010, Matrab et al. investigated to
transport and reactivity within PGMA polymer
brushes made by SI-ATRP and proved the permeabil-
ity of such methacrylate-based polymer once solvated
in aqueous media.

Conclusions

In this work, the electroassisted grafting of BUPA/
CioP mixed monolayers in various ratios has been
achieved to improve NiTi corrosion resistance.

First, the successful surface modifications have been
attested by WCA, PM-IRRAS, and XPS results, and it
has been proven that the substitution of some BUPA
molecules by CioP (a smaller and less hindered
molecule) improves the anticorrosion properties of
Nitinol. Among all the tested conditions, the most
protective and efficient layer (high blocking factor,
high inhibition efficiency, low charge transfer constant
ke) is obtained for a composition of 20% BUPA and
80% CyoP.

Second, the surface-initiated ATRP of MPC has
been achieved on the so-formed initiating layer for 1, 3,
or 6 h. SEM images and SECM measurements evi-
denced the nonuniformity of the PMPC coatings for
time lower than 6 h.

This work opens the prospect of biocompatible
polymer growth and tuning on Nitinol substrate mod-
ified by electrografted phosphonic-made ATRP initia-
tors. Nevertheless, the structure of this system still
requires some improvements with the prospect of a
further biomedical application, which is being evalu-
ated in simulated body fluids.
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